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ABSTRACT
G-quadruplexes are a family of four-stranded DNA
structures, stabilized by G-quartets, that form in the
presence of monovalent cations. Efforts are cur-
rently being made to identify ligands that selectively
bind to G-quadruplex motifs as these compounds
may interfere with the telomere structure, telomere
elongation/replication and proliferation of cancer
cells. The kinetics of quadruplex–ligands interac-
tions are poorly understood: it is not clear whether
quadruplex ligands lock into the preformed struc-
ture (i.e. increase the lifetime of the structure by
lowering the dissociation constant, koff) or whether
ligands actively promote the formation of the
complex and act as quadruplex chaperones by
increasing the association constant, kon. We studied
the effect of a selective quadruplex ligand, a
bisquinolinium pyridine dicarboxamide compound
called 360A, to distinguish these two possibilities.
We demonstrated that, in addition to binding to and
locking into preformed quadruplexes, this molecule
acted as a chaperone for tetramolecular complexes
by acting on kon. This observation has implications
for in vitro and in vivo applications of quadruplexes
and should be taken into account when evaluating
the cellular responses to these agents.
INTRODUCTION
G-quadruplexes are a family of secondary nucleic acids
structures stabilized by G-quartets that form in the
presence of monovalent cations (1,2). The level of interest
in these structures has recently increased due to hypo-
theses that G-quadruplex structures play roles in key
biological processes (3–9) and recent demonstrations
of their existence in vivo (10–12). G-quadruplexes may
have applications in areas ranging from supramolecular
chemistry and bio- and nanotechnology (13–15) to medi-
cinal chemistry [for recent reviews: (2,16,17)]. Eﬀorts have
been made to identify ligands that selectively bind to
G-quadruplex motifs, as they may interfere with telomere
structure, elongation and replication, oncogene expression
and proliferation of cancer cells (18,19). These com-
pounds may be of natural origin [such as cryptolepine
(20), berberine (21) and telomestatin (22,23)] or synthetic
[such as BSU1051 (18), RHPS4 (24), TMPyP4 (25),
pyridine or phenanthroline dicarboxamides (26,27),
triazines (28), PIPER (29,30) or bi- and trisubstituted
acridines (31,32)]. It is important to understand the rules
that govern the formation of G-quadruplexes and deter-
mine the stability and folding kinetics of the structures.
Unfortunately, with a few notable exceptions (29), little
is known concerning these parameters. Han et al.
presented the ﬁrst example of a small ligand (a perylene
derivative, PIPER) that drives the assembly of bimole-
cular G-quadruplex structures (29). The presence of
10mM PIPER accelerates the assembly of varied dimeric
G-quadruplexes an estimated 100-fold (29). However, the
analysis of the results was complicated by the existence of
a number of diﬀerent G-quadruplex structures, including
dimeric and tetrameric species. Furthermore, the end
product structure and molecularity were diﬀerent in the
presence and in the absence of the ligand, indicating
that the molecule favors some conformers over the others
and displaces the thermodynamic equilibria.
Parallel-stranded, tetramolecular quadruplexes
(Figure 1A) oﬀer a unique opportunity to study kinetic
eﬀects for several reasons. First, our understanding of
their kinetic properties increased, thanks to the seminal
work by Wyatt et al. that described the properties
of simple short segments such as T2G4T2 (33). More
recently, we (34,35) and others (36) analyzed the kinetics
of quadruplex formation with short sequences. From a
kinetic point of view, the association reaction strongly
depends on strand concentration with an experimentally
determined order approaching four (33,34,36); an excep-
tion being the four-stranded structures formed by the
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acids (37). Second, the kinetic inertia of these complexes,
rather than being a hindrance, facilitates the study of the
uncoupling of the folding and unfolding phenomenon.
One may deconvolute the eﬀect of a parameter and
determine whether this factor mainly aﬀects association or
dissociation—or both. We and others successfully used
this property to analyze the eﬀects of temperature,
sequence, ionic strength, introduction of a modiﬁed
backbone or modiﬁed quartet on the kinetics of
G-quadruplex formation. Third, in contrast to structures
adopted by bi- and intramolecular quadruplexes, which
are highly polymorphic, tetramolecular complexes are
structurally well deﬁned. They are formed by short
oligodeoxynucleotides bearing a block of three of more
guanines. In this conﬁguration (also called G4-DNA), all
strands are parallel and all guanines are in the anti
conformation (Figure 1A). Although direct evidence for
the formation of tetramolecular structures in vivo is
currently lacking, these quadruplexes have been proposed
to play a role during meiosis (38,39).
In this report, we unambiguously demonstrate that a
well-characterized quadruplex ligand is able to accelerate
the association of single strands into quadruplexes. There-
fore, this molecule acts as a molecular chaperone for the
formation of tetramolecular quadruplexes. This obser-
vation has implications for in vitro and in vivo applications
of quadruplexes and should be taken into account
when interpreting the cellular responses to these agents.
EXPERIMENTAL PROCEDURES
Oligonucleotides and compounds
Oligonucleotides were synthesized by Eurogentec
(Seraing, Belgium). Concentrations of all oligodeoxy-
nucleotides were estimated using published sequence-
dependent extinction coeﬃcients (40). Compounds 360A,
307A, BRACO19, BSU1051 and 12459 were kind gifts
from P. Mailliet (Sanoﬁ-Aventis, Vitry/Seine, France).
These compounds were stored at 1 or 2mM in DMSO,
further dilution being made in ddH20. TMPyP4 and
PIPER were purchased from Calbiochem and solubilized
in ddH20 and dilute acetic acid, respectively. Telomestatin
was a kind gift of Dr K. Shin-ya; its isolation and
puriﬁcation was previously described (22). Telomestatin
was stored at 1mM at  208C in the dark in 50% DMSO/
50% MeOH; fresh dilutions were made for each series
of experiments. The formulae of all tested ligands are
shown in Supplementary Figure S1; some of their
properties are shown in Supplementary Table S1.
Gel electrophoresis
Non-denaturing gel electrophoresis allows separation
of single-stranded oligonucleotides from tetramolecular
G-quadruplex structures (34,35). The oligonucleotides
(5–200mM ﬁnal strand concentrations) were heat dena-
tured in a buﬀer containing 10mM lithium cacodylate
(pH 7.2) and 110mM KCl (or NaCl for the oligo-
nucleotide T2G5T2). Immediately after denaturation,
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Figure 1. Quadruplexes and quadruplex ligands. (A) Schematic of a quadruplex (left) and tetramolecular G-quadruplex formation/dissociation
(right). This scheme simply presents the initial and ﬁnal states of the reaction studied here, and assumes terminal stacking of the ligand; it does not
claim to reﬂect the pathway of association. Are quadruplex ligands (red ovals) simply able to lock the preformed structure (i.e. increase the lifetimeo f
the structure by lowering its dissociation constant koﬀ), or do ligands actively promote the formation of the complex and act as quadruplex
chaperones by increasing its association constant kon?( B) Formula of the quadruplex ligand 360A.
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(5 concentrate solutions) to reach the indicated ﬁnal
concentrations, in a volume of 10–20ml, and incubated
at 48C for times varying from 2min to several days.
For the association of these short oligonucleotides,
at concentrations ranging from 50 to 500mM, UV shadow
at 254nm was a convenient method to quantify
with fair precision the amount of single-strand versus
G-quadruplex. The use of dyes, like methylene blue,
SYBR green I or gold (Molecular Probes) and acridine
orange, are often misleading as stainings and quantum
yields may vary when bound to single-strands versus
G-quadruplexes (not shown). About 1 nmol of oligonu-
cleotide was loaded with 10% ﬁnal sucrose concentration
on a non-denaturing gel containing 20% acrylamide-
bisacrylamide (19:1), 20mM KCl and 1 TBE. About
the same amount (1nmol) of oligothymidylate markers
(dT6,d T 12 or dT24) were also loaded on the gel. The
TG3T sample incubated without any potassium and heat
denatured just before loading was used as a control
for single-strand migration. One should note that the
migration of the oligothymidylate markers (short
50
dTn
oligonucleotides) does not necessarily correspond to
single-strands (41): these oligonucleotides were chosen
here to provide an internal migration standard, not to
identify single-stranded or higher-order structures. The
gel was electrophoresed at 48C in 20mM KCl, 1 TBE.
Bands were detected by UV-shadow at 254nm using
a ﬂuorescent silica screen (Whatman).
When using the UV-shadow approach to quantitate,
one must assume that the extinction coeﬃcients of the
oligonucleotide in single-stranded and quadruplex forms
are identical. Absorbance spectroscopy conﬁrmed that
these two coeﬃcients were indeed very close. Unfortu-
nately, compound 360A also absorbs light in the same
wavelength range, and its molar extinction coeﬃcient at
260nm (40000M
 1cm
 1) cannot be neglected as com-
pared to TG3T (47700M
 1cm
 1). 360A binding may lead
to an overestimation of the fraction of oligonucleotide
in the G-quadruplex structure. Nevertheless, when
the same amounts were loaded on a gel, we did not
observe huge variations of band intensity from induced
G-quadruplex with or without any compound. Moreover,
we conﬁrmed and quantiﬁed the induction of
G-quadruplex by 360A using radioactivity.
For induction of G-quadruplexes at low oligonucleotide
concentrations, 20pmol of TG3T was radiolabeled in
the 50 position using 10mCi of g-
32P-ATP and 5 units of
T4 polynucleotide kinase (New England Biolabs) in a
buﬀer containing 70mM Tris-HCl (pH 7.6), 10mM
MgCl2 and 5mM DTT for 40min at 378C. The short
radiolabeled oligonucleotide was gel-puriﬁed using stan-
dard protocols and precipitated by 2.5M ammonium
acetate and a large excess of ethanol. Finally, ammonium
acetate was removed by lyophilization to avoid a possible
eﬀect of NH4
þ on the oligonucleotide association kinetics.
The puriﬁed, labeled
32P-TG3T was then mixed with
unlabeled phosphorylated oligonucleotide to reach
a ﬁnal strand concentration of 5–200mM. The amount
of radiolabeled oligonucleotide was negligible compared
to the quantities of unlabeled oligonucleotide added.
Complex was separated from single-strand using
non-denaturing gel electrophoresis (acrylamide:bis, 19:1;
20% in 1 TBE, 20mM KCl at 48C) and the radioactive
signal was detected after overnight exposure to a phos-
phorimager screen (Molecular Dynamics) at  208C
and scanning with a Typhoon apparatus (Amersham
Bioscience). Under certain conditions, two retarded bands
are observed in the presence of a ligand. These two species
correspond to the migration of the tetramolecular quad-
ruplex without ligand, and to the quadruplexþligand,
respectively (the latter being more retarded than
the former). This behavior may be found when using
sub-saturating amounts of ligand.
Absorbance measurements
Comparison of the absorbance spectra of the oligonucleo-
tide under conditions where it should be totally unfolded
(at t¼0) and completely folded allowed us to generate
an isothermal diﬀerential absorbance spectrum. The shape
of this curve is speciﬁc for quadruplexes (Supplementary
Figure S3) (42). Isothermal and melting experiments
were recorded as previously described (34). For isothermal
experiments, starting from completely unfolded strands,
absorbance was recorded at regular time intervals
(150s) at 245 (or 240), 295 and 488nm. Oligonucleotide
strand concentration was 100mM for TG3T and 300mM
for PO4-TG3T in a buﬀer containing 10mM lithium
cacodylate (pH 7.2) and 110mM KCl. After overnight
association, a UV-melting experiment was performed on
the same samples with a heating gradient of 0.58C/min,
recording the absorbance at 240, 295 and 490nm.
This melting temperature depends on the heating
rate (34,43).
Analysisof quadruplexformation
Kinetic experiments followed by UV-absorbance or gel
electrophoresis allowed determination of the fraction of
quadruplex formed as a function of time. In the absence
of ligand, experimental points were ﬁtted to a kinetic
model using Kaleidagraph 3.6.4 according to published
procedures (34,35) and assuming an experimental order
of four. However, in the presence of non-saturating
amounts of G4 ligand, kinetic curves could not be ﬁtted
with this model, as a concomitant decrease in free-ligand
concentration leads to a more complex proﬁle. Therefore,
a comparison of the kon values (in M
 3s
 1) in the absence
or presence of the ligands was not possible except when
the ligand was present in large excess. In that case, the
free ligand concentration was considered to be invariant
during the time course of the kinetics experiment.
However, one may always compare the experimental
time required for 50% quadruplex formation (t1/2) under
a given set of conditions.
RESULTS
Presentationof thesystem
All oligonucleotides studied here contain a single short
block of three to ﬁve guanines and may form a
Nucleic Acids Research, 2007, Vol. 35, No. 8 2485tetramolecular complex. We chose TG3T as a model
sequence. Several other sequences, such as T2G5T2 and the
human telomeric oligonucleotides TTAG3 and TTAG3T,
were also tested. Formation of these quadruplexes is slow,
even in potassium (34); therefore, ligands that increase the
kinetics of association are relatively easy to identify.
Comparison ofvarious DNA ligands
Formation of a tetrameric quadruplex may be evidenced
by non-denaturing gel electrophoresis. In the absence of
ligand and potassium, no quadruplex is formed, and a
single band is obtained on the gel, corresponding to the
migration of a single-stranded species (Figure 2, lane 1).
When 110mM K
þ is present, a partial conversion of the
single-strand to the quadruplex was observed (Figure 2,
lane 2). Increasing the concentration of ethidium bromide,
a ligand that has a high aﬃnity for duplexes, but a weak
aﬃnity for quadruplexes (44–46) had no eﬀect on the
quadruplex:single-strand ratio, even at 100mM (Figure 2,
lanes 15–18). On the other hand, increasing concentrations
of a variety of known G-quadruplex ligands had rather
diverse eﬀects: BSU1051 (Figure 2, lanes 32–35) and
12459 (Figure 2, lanes 28–31) had limited (if any) eﬀect on
the relative amounts of single-strands over G-quadruplex
species; telomestatin (Figure 2, lanes 7–10) and TMPyP4
(Figure 2, lanes 11–14), altered slightly the relative
intensities of the bands. BRACO19 (Figure 2, lanes
19–22) induced the formation of a tetramolecular
quadruplex, whereas PIPER (lanes 36–39) led to the
formation of a higher molecular weight species with very
low mobility; however, signiﬁcant amounts of single-
strands were present even at the highest ligand concentra-
tion. In contrast, in the presence of the pyridine
dicarboxamide derivatives, 360A or 307A, known for
their high aﬃnity and selectivity for quadruplexes
(26,47,48), only quadruplex was observed (Figure 2,
lanes 3–6 and 23–26). The 360A (or 307A)/quadruplex
complex was slightly retarded compared to the quadruplex
formed in the absence of any ligand (Figure 2, lane 2), and
a similar phenomenon was observed for telomestatin
(lanes 8–10), BRACO19 (lanes 20–22) and 12459 (lanes
28–31). This slightly altered migration is probably due to
the molecular weight/charge contribution of the ligand to
the complex, which suggests that the quadruplex–ligand
complex is maintained during electrophoresis (this
may not be the case for BSU1051, ethidium bromide
or TMPyP4). For PIPER, the migration is drastically
modiﬁed and, although we cannot exclude that this simply
results from PIPER binding to the tetramolecular quad-
ruplex, it is more likely that higher molecular weight
species are induced in the presence of this compound as
already reported (29).
Figure 2. Eﬀects of various compounds on the association of a tetramolecular G-quadruplex from the oligonucleotide TG3T. These molecules are
known to bind to G-quadruplexes (360A, telomestatin, TMPyP4, BRACO19, BSU1051, 307A, PIPER and 12459, formulae shown as Supplementary
Figure S1) or duplexes (ethidium bromide (EtBr)). The oligonucleotide TG3T was heat denatured before incubation at 100mM (strand concentration)
in 10mM lithium cacodylate (pH 7.2), 110mM KCl buﬀer (at 48C for 4.5h) with or without any compound at the indicated concentrations.
Samples (1 nmol of oligonucleotide loaded) were loaded on a 20% non-denaturing acrylamide gel containing 20mM KCl and 1  TBE, and detection
was performed using UV-shadow at 254nm. Oligonucleotide markers (M) were short
50
dTn sequences. A sample incubated without any potassium
and heat denatured just before loading was used as a control for single-strand migration (ss) on the gel (lanes 1), whereas incubation without any
compound indicated position of the migration of the tetramolecular G-quadruplex (G4) (lanes 2). Some gel-shifts can be observed depending on the
ligand used (G4þL). G4þL
  stands for the very slow mobility product formed with PIPER.
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In the experiment presented in Figure 3A, solutions of
TG3T were incubated for various amounts of time,
between 5min and 9 days, before separation of single-
strand from quadruplex on a non-denaturing gel. In the
absence of the ligand, a signiﬁcant but still incomplete
conversion into quadruplex was observed after 9 days;
half conversion required approximately 1day at 100mM
strand concentration. In contrast, addition of various
concentrations of 360A had a dramatic eﬀect on the
association kinetics. In the presence of 50mM 360A, half
conversion required only 5min, and the single-stranded
species completely disappeared after a few days
(Figure 3B). The eﬀects of intermediate concentrations,
10 and 25mM 360A, are shown in Figure 3, panels C and
D, respectively. The relative amount of the single-stranded
species was determined from a quantitative analysis
of the band intensities; the unfolded fraction is plotted
versus time in Figure 3E. Starting from a completely
unfolded oligonucleotide in each case, the diﬀerences
between curves at 0, 10, 25, and 100mM are striking,
especially for short incubation times.
Influence of a50 phosphateon quadruplex association
and dissociation
The single strands and complexes in the gels presented
in Figures 2 and 3 were revealed by a relatively insensitive
technique, UV-shadowing. In order to study quadruplex
formation at lower strand and ligand concentrations,
a more sensitive approach was required. We visualized
the oligonucleotides on some of the gels by methylene
blue staining or by the use of ﬂuorescent dyes such
as SYBR or acridine orange. Unfortunately, the former
technique is not sensitive enough, whereas the ﬂuorescent
dyes have diﬀerent quantum yields and/or aﬃnity for
quadruplex and single-strands, complicating a quantita-
tive analysis (data not shown). For these reasons, we
followed quadruplex formation using a 50-radiolabeled
oligonucleotide. Our initial experiments were done by
mixing a 50 phosphate radiolabeled oligonucleotide, mixed
with a large excess of unlabeled, non-phosphorylated
oligonucleotide. We noticed that the amount of quad-
ruplex formed as determined by the radioactive-labeling
method leads to an underestimation of the total
quadruplex, indicating that the radiolabeled strand was
underrepresented in the complex as a result of the extra
50 phosphate group (data not shown). In agreement with
the results of Uddin et al. (49), it appeared that the
presence of one or two extra negative charges per strand
aﬀected the stability of the complex and/or association
rate of the quadruplex formation. Figure 4 and Supple-
mentary Figure S4 present a comparison of the kinetics
of association and dissociation of the G-quadruplexes
formed by 50-OH and 50-phosphate TG3T oligonucleotide
at various salt concentrations. As shown in Figure 4A
and B, quadruplex formation was hampered by the
presence of the phosphate group. Higher strand concen-
trations were required to form a quadruplex overnight
and, at 110mM ionic strength, the corresponding associa-
tion rate constant was 29 times lower for the oligo-
nucleotide bearing a terminal phosphate [kon¼67 10
6
and 2.3 10
6M
 3s
 1 for TG3T and PO4-TG3T, respec-
tively; for a discussion and comparison of these absolute
values, see (34,35)]. However, the diﬀerence of kon values
between the 50-phosphate and the 50 OH oligonucleotides
was slightly decreasing when working at higher salt
concentrations (Supplementary Figure S4B), conﬁrming
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Figure 3. Association kinetics of TG3T with various concentrations of 360A ligand. (A-D) Non-denaturing gel electrophoresis was used to separate
single strand from quadruplex, and species were detected by UV-shadow at 254nm. Incubations were carried out in 10mM lithium cacodylate (pH
7.2), 110mM KCl at 48C for the indicated time at a 100mM strand concentration with or without 360A at the indicated concentration. Time is given
in days (d), hours (h), and minutes (0). * no time point at 5’ for panel A. (E) Quantiﬁcation of the single-stranded fraction using ImageQuant
software. Black triangles: without compound; blue squares: with 10mM 360A; green crosses: with 25mM 360A; red squares: with 50mM 360A.
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this unfavorable eﬀect. This eﬀect was also conﬁrmed
by non-denaturing gel electrophoresis, as higher strand
concentrations were required to form similar amounts of
quadruplexes for the phosphorylated oligonucleotide
compared to the non-phosphorylated (Figure 4C and
4D), as revealed by UV-shadow analysis. For oligo-
nucleotides bearing a 50 phosphate, this analysis was also
performed by radioactivity, using a
32P-radiolabeled oligo-
nucleotide mixed with the 50phosphate oligonucleotide.
A quantitative analysis of the gel experiments (revealed
by radioactivity or UV-shadow) is presented in Supple-
mentary Figure S4A. Similar results were obtained
when amounts were quantitated using UV-shadow or
radioactivity, arguing that the fraction of radiolabeled
oligonucleotides involved accurately reﬂects the total
amount of quadruplex formed. The association constants
for PO4-TG3T( kon¼2 10
6 and 1.4 10
6M
 3s
 1 calcu-
lated using values from UV-shadow and radioactivity,
respectively) are in excellent agreement with the
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Figure 4. Eﬀect of a terminal phosphate on G-quadruplex association and dissociation. Results obtained with TG3T and PO4-TG3T are shown in the
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the time points indicated for (C) TG3T at 100mM strand concentration and (D) PO4-
50
dTG3T at 200mM total strand concentration (mixture of
32P-TG3T labeled at the 50 end by
32P-g-ATP and non-radioactive PO4-TG3T). Migration of the associated (G4) and dissociated (ss) forms are
indicated; species were revealed using UV-shadowing at 254nm for non-radioactive species or by detection of the radioactive signal. (E and F)
Thermal denaturation of preformed (E) [TG3T]4 and (F) [PO4-TG3T]4G-quadruplexes (strand concentrations as in panels A and B respectively)
followed by absorbance at 295nm (black squares) and 240nm (red triangles) at a heating gradient of 0.58C/min.
2488 Nucleic Acids Research, 2007, Vol. 35, No. 8absorbance spectroscopy results (kon¼2.3 10
6M
 3s
 1)
and conﬁrm that the kinetics of association are negatively
aﬀected by the presence of a terminal phosphate. The
association rate constant of the 50-OH oligonucleotide
determined using radioactively labeled oligonucleotide
was calculated to be 4 10
7M
 3s
 1, which is also in
good agreement with the value found by absorbance
spectroscopy (considering 30% precision is given on these
values). Association constant values are summarized in
Table 1.
Although there were minor diﬀerences, both methods
indicate that the presence of a 50 terminal phosphate
has a negative impact on the kinetics of association of
a tetramolecular quadruplex. In contrast, the presence of
a phosphate group had a limited eﬀect on the thermal
stability of the quadruplex. As shown in Figures 4E and
4F, the mid-point of the thermal melting transition (T1/2)
was 50 for the 50-OH oligonucleotide and 49.58C for
the 50PO4-TG3T oligonucleotide. Even if, at lower salt
concentrations (Supplementary Figure S4C), a more
signiﬁcant 28C diﬀerence was recorded, suggesting again
a role of the negative charges in the destabilization of the
structure, these results indicate that the presence of a
terminal phosphate signiﬁcantly aﬀects the association
kinetics, but has rather little eﬀect on the thermal stability
or dissociation kinetics of the quadruplex.
Kinetics of50PO4-TG3Tquadruplex formation
in thepresence of 360A
The addition of a terminal phosphate slows, but does
not prevent, quadruplex formation. It is, therefore,
possible to follow quadruplex formation with oligo-
nucleotides radioactively labeled at the 50 terminus with
32P and to determine whether a ligand aﬀects association
kinetics. In the gel presented in Figure 5A, no signiﬁcant
quadruplex formation was observed after 21h at 20mM
strand concentration in the absence of a ligand. At this
concentration, 50% quadruplex formation (t1/2) would
take years, and the reverse reaction would not be
negligible. A 10 fold-higher strand concentration leads
to partial quadruplex formation, see Figure 4D). Addition
of 360A leads to faster association (Figure 5A, right
lanes), conﬁrming UV-shadow analysis at higher strand
and ligand concentrations. The rate acceleration is
quantiﬁed in Figure 5B: 0, 22, 42 and 76% quadruplex
formation was obtained after 21h in the presence of 0, 5,
10 and 20mM 360A, respectively. At the highest ligand
concentration tested, t1/2 was 80min.
Kinetics of quadruplexformation in thepresence
ofalarge molar excess of 360A
Quantitative analysis of the previous gel suggested that
the presence of a quadruplex ligand lead to an initial
increase in the apparent association rate. However,
the eﬀects were less pronounced at longer times: the
quantitative diﬀerence between 4.3h and 21h incubations
was relatively small (Figure 5B). We reasoned that, as
more and more quadruplexes were formed, the ligand,
which was not in huge molar excess, would be progres-
sively titrated out. In order to simplify the modeling
of ligand action, one must work under experimental
conditions for which the free ligand concentration can be
considered invariant during the reaction. To approach this
condition, we chose to lower the oligonucleotide strand
concentration to 5mM and to increase the ligand concen-
tration to 50 or 100mM (Figure 6). Assuming a maximum
of 2 binding sites per quadruplex (Supplementary Figure
S5), complete quadruplex formation would decrease free
ligand concentration by no more than 2.5mM, a negligible
amount relative to the ligand concentration. Figure 6A
demonstrates that, unsurprisingly, no quadruplex forma-
tion was obtained after one week at 5mM strand
concentration in the absence of 360A. In contrast, 50 or
100mM ligand lead to near-complete quadruplex forma-
tion over the same period. Results were quantitated and
are presented in Figure 6B. At 100mM ligand, t1/2 was
140min. It was possible to ﬁt these curves using the same
mathematical model we and others used for tetramole-
cular quadruplex formation (34). Apparent kon values of
3.4 10
12M
 3s
 1 and 1.4 10
13M
 3s
 1 were found for
50 and 100mM ligand concentrations, respectively. The
association rate constant determined in the absence of any
ligand for the same 50 phosphate oligonucleotide at a
much higher strand concentration (200 or 300mM) was
1.4–2.3 10
6M
 3s
 1;a t5 mM, in the absence of ligand,
no quadruplex formation was observed. The comparison
Table 1. Association constants found
Oligonucleotide sequence
a 50end 360A
c kon
d (M
 3s
 1) T1/2
e (8C) Method Reference
TGGGT OH – 5.2 10
7 48 UV-absorbance (34)
TGGGT OH – 6.7 10
7 50 UV-absorbance This study
TGGGT OH – 4.0 10
7 n/a Gel; UV shadow This study
TGGGT P
b – 2.3 10
6 49.5 UV-absorbance This study
TGGGT P
b – 2.0 10
6 n/a Gel; UV shadow This study
TGGGT P
b – 1.4 10
6 n/a Gel; radioactivity This study
TGGGT P
b 50mM 3.4 10
12 n/a Gel; radioactivity This study
TGGGT P
b 100mM 1.4 10
13 n/a Gel; radioactivity This study
TTAGGG OH – 1.8 10
7 50 UV-absorbance (34)
f
TTAGGGT OH – 2.1 10
6 55 UV-absorbance (34)
f
TTGGGGGTT OH – 6.1 10
7 490 UV-absorbance (34)
f
a50 to 30 direction.
bP for 50-phosphate group.
cConcentration of Quadruplex ligand (360A) added.—: no ligand.
din 110mM KCl (or NaCl for
T2G5T2), 10mM lithium cacodylate pH 7.2 buﬀer. Values with  30% accuracy.
ein 110mM KCl, 10mM lithium cacodylate pH 7.2 buﬀer, with a
temperature gradient of 0.58C/min.
fAlso see Supplementary Figure S6. NA: not applicable (this apparent melting temperature cannot be determined
in a gel).
Nucleic Acids Research, 2007, Vol. 35, No. 8 2489of these rate constants allows us to conclude that the
presence of 50 or 100mM ligand increases the rate
constant 2 or 21 million-fold, respectively. Due to the
order of 4 chosen for the ﬁts, this impressive—
but somehow misleading—diﬀerence corresponds to a
125–275-fold apparent increase in strand concentration.
360A affects thekinetics ofother quadruplexes
We analyzed in detail the eﬀect of 360A on a single
sequence, TG3T. To prove that the eﬀect of this ligand
was not restricted to this peculiar sequence, we analyzed
its impact on the association kinetics of three other
sequences, T2AG3,T 2AG3T and T2G5T2 (Supplementary
Figure S6). In all cases, a signiﬁcant increase in the
amount of quadruplex formed was observed in the pre-
sence of 360A compared to the same conditions for
oligonucleotide alone, as revealed by UV-shadow. This
indicates that this ligand was able to increase the kinetics
of association of various tetramolecular quadruplexes.
DISCUSSION AND CONCLUSION
The number of identiﬁed G4 ligands has grown rapidly
over the past few years. A range of molecules recognize
the telomeric quadruplex (18,23,24,31,45,50–63).
The compound 360A belongs to a family of pyridine
dicarboxamide compounds that exhibit high selectivity
toward quadruplex DNA relative to other DNA struc-
tures (26,47,48). Thanks to the relatively slow kinetics
of tetramolecular quadruplex formation and dissociation,
it was possible to perform ﬂuorescence titration experi-
ments with the same oligonucleotide in quadruplex or
single-stranded form (Supplementary Figure S5). Little or
no variation of 360A ﬂuorescence emission was found
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Figure 5. Compound 360A promotes formation of tetramolecular G-quadruplex [PO4-TG3T]4 at 20mM strand concentration. (A) Association
kinetics of the G-quadruplex formed by PO4-TG3Ta t2 0mM total strand concentration (mixture of
32P-TG3T and non-radioactive PO4-TG3T) alone
or in presence of 5–20mM 360A in 10mM lithium cacodylate (pH 7.2), 110mM KCl at 48C, followed by non-denaturing gel electrophoresis (20%
in 1  TBE, 20mM KCl at 48C) at the time points indicated. Position of migration of the quadruplex (G4þL) and single-stranded (ss) forms are
shown. (B) Quantiﬁcation of the single-stranded fraction (black diamonds: PO4-TG3T alone; dark red triangles: þ5mM 360A; red triangles: þ10mM
360A; and orange triangles: þ20mM 360A). Data cannot be ﬁtted by the classical fourth-order model (34).
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Figure 6. Induction of the tetramolecular G-quadruplex [PO4-TG3T]4 by a large excess of 360A. (A) Association kinetics of PO4-TG3T incubated at
48C at a ﬁnal strand concentration of 5mM in absence or presence of 360A at 50 and 100mM; incubations are performed in 10mM lithium
cacodylate (pH 7.2), 110mM KCl. Products were resolved on a 20% acrylamide gel; electrophoresis was performed at 48C in buﬀer containing
1  TBE and 20mM KCl. (B) Quantiﬁcation of the fraction of
32P-TG3T single-strand (black squares: without ligand; blue triangles: þ360A 50mM;
red squares: þ360A 100mM). The fourth-order model for tetramolecular G-quadruplexes association was applied and kon values calculated for
complex formation in the presence of large excess of ligand are given (34).
2490 Nucleic Acids Research, 2007, Vol. 35, No. 8when an excess of the single-strand was added, whereas
a near-complete quenching was obtained in the presence
of the tetrameric quadruplex. These results were not
unexpected, considering the equilibrium dialysis proﬁle
previously found for this molecule (48).
It is a general assumption that small molecules bind
to preformed nucleic acid structures. In this article, we
demonstrate that 360A may actively induce the formation
of a tetramolecular quadruplex, acting as a chaperone for
the association of the four strands. Furthermore, this
eﬀect was not restricted to a unique sequence; quadruplex
formation by several diﬀerent sequences was accelerated
by the compound. The presence of a 30 terminal guanine
or a TpG was not required, as evidenced by data
generated on the TTAGGG sequence. During this study,
we also demonstrated that introduction of a 50-terminal
phosphate through radioactive labeling aﬀected the kine-
tics, presumably due to the additional negative charges.
The 50 phosphate group slowed the association rate with
little eﬀect on thermal stability (Table 1). In principle, the
presence of these extra charges could also inﬂuence
the binding aﬃnity of the ligand; however, 360A bound
to both 50-OH and 50-phosphate quadruplexes, and
aﬀected favorably the kinetics of both quadruplexes.
Under the conditions of our studies, 360A did not
exert a catalytic eﬀect: one 360A molecule accelerates the
formation of a single quadruplex complex and remains
bound. The ligand remains attached to the newly formed
quadruplex, due to its high aﬃnity. This conclusion was
reached using a molar quadruplex:ligand ratio above one
(Figure 3C). Another interesting bit of information is
that, contrary to the case of bimolecular quadruplexes,
a single complex is formed; this is supported by the fact
that (i) we observed a single band on the gel, (ii) the CD
T1/2 values (Supplementary Figure S2B) and (iii) the
isothermal diﬀerence spectra (Supplementary Figure S3B)
are similar. Furthermore, the overall architecture of
the quadruplex induced by the presence of the ligand
is probably similar to the structure of the quadruplex
formed alone, as the CD signatures of both quadruplexes
were similar (Supplementary Figure S2A) and the
migration of quadruplexes were not very diﬀerent (with
the exception of PIPER, and taking into account the fact
that the ligand somewhat retards the complex due to its
positive charges and molecular weight) (Supplementary
Figure S6).
Of course, the observation that a ligand increases the
association rate constant does not imply that this molecule
has no eﬀect on the dissociation rate constant. In fact,
360A did aﬀect the apparent melting temperature of
the quadruplex (Supplementary Figure S2B), indicating
that 360A also leads to a decrease in koﬀ (i.e. an increase
in the lifetime and thermal stability of the complex).
This is in agreement with other studies demonstrating
that a quadruplex ligand aﬀects the dissociation of a
quadruplex (64,65). Several questions remain unanswered,
and two main questions are the purpose of our ongoing
studies: (i) Do these observations hold for diﬀerent
ligands? The gels shown in Figure 2 suggest that other
molecules such as a trisubstituted acridine also aﬀect the
association process, although to a lesser extent than the
bis quinolinium pyridine dicarboxamide derivatives 360A
and 307A. We will determine how general this process is
and to which parameters it could be related (charge,
shape, aﬃnity). (ii) Are other types of quadruplexes
also aﬀected, such as bi- and intramolecular complexes?
These complexes, which might be more biologically
relevant than the parallel-stranded, tetramolecular com-
plexes studied here, will be more complicated to analyze
because of their faster and more complicated kinetics of
association and dissociation.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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